ABSTRACT: Copper (Cu) defi ciency is a widespread problem in cattle across the United States and breed differences in Cu metabolism may contribute to this issue. Intracellular Cu is tightly regulated by transport and chaperone proteins, and to date, these mechanisms have not been elucidated to address breed differences in Cu metabolism, nor have these proteins been characterized in bovine fetal liver. Mature, pregnant Angus (n = 8) and Simmental (n = 8) cows (~4 mo into gestation) were used in a 2 × 2 factorial arrangement of treatments. All cows were bred to Angus sires resulting in an Angus vs. Simmental × Angus comparison for fetuses. Cows were randomly assigned to corn silage-based diets that were either adequate (+Cu) or defi cient (−Cu; 6.6 mg Cu/ kg DM) in Cu. Diets were individually fed for 112 d. At the end of the study, cows were harvested to collect duodenal mucosa scrapes, liver samples, and fetal liver samples for mineral analysis and also for mRNA and protein analysis of Cu transport and chaperone proteins. Placentomes were also obtained for mineral analysis. Plasma Cu and liver Cu were affected by Cu, breed, and Cu × breed. Both of these Cu indices were less (P ≤ 0.05) in-Cu Simmentals (-CuS) than in-Cu Angus (-uA), but were similar among +Cu Simmental (+CuS) and +Cu Angus cows (+CuA). Duodenal Cu was less (P = 0.01) in-Cu vs. +Cu cows. Placentome Cu was less (P = 0.003) in-Cu vs. +Cu cows, and was also less (P = 0.03) in Simmentals vs. Angus. Fetal liver Cu was less (P = 0.002) in-Cu vs. +Cu fetuses, and was also less (P = 0.05) in Simmental × Angus vs. Angus. Abundance of Cu transporter1 (CTR1) protein and transcripts for Cu transporters and chaperones were not affected by Cu or breed in liver and were not affected by Cu in the intestine. Duodenal Ctr1 was less (P = 0.04) and CTR1 tended (P = 0.10) to be less in Simmentals vs. Angus. Expression of Atp7a tended (P = 0.08) to be less in Simmentals than in Angus. In fetal liver, expression of antioxidant 1 (Atox1), cytochrome c oxidase assembly protein 17 (Cox17), and Cu metabolism MURR1 domain 1 (Commd1) were up-regulated (P ≤ 0.05) in-Cu vs. +Cu fetuses. In conclusion, less expression of duodenal Ctr1 and a tendency for less CTR1 (P = 0.10) and Atp7a (P = 0.08) suggest that Simmentals have a lesser ability to absorb and utilize dietary Cu, and may explain why Simmentals are more prone to Cu defi ciency than Angus. Up-regulation of fetal liver Atox1, Cox17, and Commd1 in-Cu fetuses may refl ect the great Cu demand by the fetus.
INTRODUCTION
Copper (Cu) defi ciency is a problem in cattle and can manifest when the diet supplies less than the recommended NRC requirement (10 mg Cu/kg DM) for cattle. This problem is further enhanced when superfl uous amounts of Cu antagonists, such as molybdenum (Mo), sulfur (S), or iron (Fe) , are present in the diet (NRC, 2005) . Breed can also affect Cu metabolism as several studies in cattle have reported that Cu indices are less in Simmentals than Angus when fed Cu-defi cient diets (Ward et al., 1995; Mullis et al., 2003) . Clinical signs of defi ciency have also been more pronounced in Simmentals fed Cu-defi cient diets than in Angus (Gengelbach et al., 1994) . The bovine fetus has a great demand for Cu, and previous research has indicated that maternal Cu status and breed may affect Cu transport to the fetus (Gooneratne and Christensen, 1989; Ward et al., 1995) .
Numerous transport and chaperone proteins tightly regulate intracellular Cu ions to prevent both defi ciency and toxicity (Prohaska and Gybina, 2004) . Copper transporter 1 (CTR1) is a high affi nity Cu transporter that is essential for proper intestinal Cu uptake (Nose et al., 2006) and the primary transporter for hepatic Cu uptake (Kim et al., 2009) . Mechanistic data have not been elucidated to explain why Cu status among Angus and Simmental cattle differs, nor have gene products involved in Cu metabolism been characterized in bovine fetal liver. Based on previous reports that Simmental cows and their offspring have reduced Cu indices (Ward et al., 1995; Mullis et al., 2003) , we hypothesize that differences in cellular Cu metabolism exist between Simmental and Angus cows. The present study was conducted to determine the effects of dietary Cu and breed on gene products associated with Cu acquisition, distribution, and utilization in the duodenal mucosa and liver of pregnant cows, and liver of their fetuses.
MATERIALS AND METHODS
Animal care, use, and sampling procedures were approved by the North Carolina State University Animal Care and Use committee.
Animal Care and Experimental Design
Sixteen mature, pregnant multiparous Angus (n = 8) and Simmental (n = 8) cows (628 ± 54 kg) bred to purebred Angus bulls were used in a 2 × 2 factorial design. On d 70 of the study ultrasound measurements indicated that 1 adequate Cu Angus cow (+CuA) was non-pregnant. This cow was removed from the study and data from this cow were not used in statistical analysis. Cows were bred to Angus bulls before study design. Within breed, cows were stratifi ed by initial Cu status (plasma Cu, liver Cu, and ceruloplasmin), age, and estimated day pregnant and then randomly assigned to diets that were either defi cient (−Cu) or adequate (+Cu) in Cu (Table 1) . Consequently, treatment groups consisted of +CuA, +Cu Simmental (+CuS), −Cu Angus (−CuA), and -Cu Simmental (−CuS). Fetal treatment groups were +CuA, +Cu Simmental × Angus (+CuS×A), −CuA, and -CuS×A. Mean cow age across all dietary treatments was approximately 6 ± 1.1 yr and mean stage of pregnancy at the beginning of the study was approximately 4 ± 0.5 mo. Copper-adequate diets contained 10 mg supplemental Cu/kg DM in the form of Cu 2 (OH) 3 Cl. The -Cu diet analyzed 6.6 mg Cu/kg DM and was supplemented with 5 mg Mo/kg DM as NaMoO 4 and 0.15% S from NH 4 SO 4 to further induce Cu defi ciency. Urea was added to the +Cu diet to make diets isonitrogenous. Diets were fed once daily at 1.75% of BW on a DM basis, and were formulated to meet or exceed all NRC requirements with the exception of Cu (NRC, 1996) . Cows were individually fed via electronic Calan gates for 112 d (American Calan, Northwood, NH).
Sampling Procedures
Jugular blood samples were obtained on d 0, 28, 56, 84, and 112 for determination of plasma mineral concentrations and holo(active)-ceruloplasmin (holo-Cp). Five milliliteres of whole blood was collected in a BD Trace Mineral heparin Vacutainer tube and kept on ice until centrifugation. Samples were centrifuged at 1500 × g for 10 minutes at 22°C. Plasma was removed, placed in a new tube and stored at -20C until analyzed for trace minerals. Liver biopsies were obtained for liver mineral analysis on d 0 and 56 as described previously (Tiffany et al., 2003) . On d 113 and 114 of the study, an equal number of cows from each breed and dietary Cu treatment were harvested at a commercial abattoir to collect duodenal mucosal scrapes, liver samples, and fetal liver samples (+CuA: 3 females; −CuA: 4 males; +CuS: 2 females and 2 males; −CuS: 2 females and 2 males) for mineral analysis and mRNA and protein analysis of Cu transporters and chaperones. Placentome samples were also collected for mineral analysis. Mucosal scrapes were obtained as described by Hansen et al. (2009) . Tissues obtained for mineral analysis were placed in whirl-pak bags (Nasco, Fort Atkinson, WI) and stored on ice. Samples taken from each tissue for mRNA and protein analysis were placed in a 50 mL tube containing RNAlater preservative as per manufacturer's instructions (Ambion, Austin, TX). In tables and text, end sampling (d 113 and 114) will be referred to as d 112 for simplicity.
Analytical Procedures
Determination of holo-Cp was conducted as described by Houchin (1958) , and plasma samples were prepared for Cu analysis as described by Hansen et al. (2007) . Tissues and feed samples were dried in a forcedair oven and then ashed for mineral analysis via the microware procedures described by Gengelbach et al. (1994) . Plasma, tissue, and diet Cu, Fe, and Zn concentrations were determined using atomic absorption spectrometry (AA-6701F; Shimadzu, Kyoto, Japan). A bovine NIST certifi ed liver standard was used to validate instrumental accuracy. Diets were analyzed for CP, ADF, NDF, Ca, P, Mn, and Mo at the Dairy One Laboratory (Dairy One Cooperative Inc., Ithaca, NY).
Quantitative Real Time PCR
Total RNA was isolated from duodenal mucosal scrapes, liver samples, and fetal liver samples using the RNeasy kit (Qiagen, Valencia, CA) with an on-column DNase digestion. Subsequently, quantity and integrity of RNA was determined via a Nanodrop-1000 Spectrophotometer (Thermo Fisher Scientifi c, Wilmington, DE). Integrity was assessed further by running the isolated RNA on 1.2% agarose gel to determine the integrity of the 28S and 16S ribosomal subunits. Real-time primers (Table 2) were designed using Beacon Designer Software (Premier Biosoft Int., Palo Alto, CA) to be compatible with SYBR Green I (Ambion, Austin, TX), as described by Hansen et al. (2009) . The proposed function(s) of each of the gene products examined are outlined in Table 3 . Multiple housekeeping genes obtained from a report by Lisowski et al. (2008) were screened to determine the most stable genes for normalization in duodenum. Of those tested (β-actin, glyceraldehyde 3-phosphate dehydrogenase, succinate dehydrogenase, TATA-box binding protein), TATA-box binding protein (Tbp) was the most stable between breed and dietary treatment. In the liver, ribosomal protein subunit 9 (Rps9) was used as the housekeeping gene and was stable between dietary treatment and breed, and has been reported by others to be a good housekeeping gene in bovine liver (Janovick-Guretzky et al., 2007; Hansen et al., 2009) . Specifi city of each reaction was accessed via melt curve analysis and 1 amplicon from each primer reaction was sequenced to confi rm identity. Total RNA (1 μg) from each tissue was used to synthesize cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Inc., Foster City, CA) as per manufacturer's instructions. Quantitative real time PCR reactions were conducted as previously reported , and relative expression of target genes was determined using the 2 -ΔΔCT method (Livak and Schmittgen, 2001 ). 
Protein Isolation and Immunoblotting
Protein from duodenum, maternal liver, and fetal liver were isolated as described by Hansen et al. (2009) . Within each tissue, an experimental pool sample was generated by obtaining equal molar concentrations of protein from each animal for normalization of unknown protein bands. Samples were separated using PAGE using the Novex X-Cell Surelock Minicell system (Invitrogen Corp, Carlsbad, CA). All supplies and buffers for immunoblotting procedures were purchased from Invitrogen. Approximately 40 μg of duodenal protein, 65 μg of liver protein, and 78 μg of fetal liver protein were heated at 70°C for 10 min with loading buffer and 2-mercaptoethanol. Samples, low molecular weight protein standard (Novex XP; Invitrogen), and experimental pool samples were then loaded into precast 10% Bis-Tris, 10 well gels. Proteins were separated under denaturing conditions and then transferred to a polyvinylidene difl uoride membrane for immunoblotting. Subsequently, membranes were stained with Ponseau S stain (Sigma, St. Louis, MO) to confi rm equal loading of protein and then washed several times with 0.02 M tris buffered saline (pH 7.4) to rinse the membrane of the stain. After membranes were blocked for 1 h at room temperature, one of the following antibodies was probed for 1 h at room temperature: 1) a polyclonal rabbit anti-CTR1 antibody diluted 1:1,000 (kindly provided by Dennis Thiele, Duke University) or 2) a polyclonal rabbit anti-Cu chaperone for superoxide dismutase 1 (CCS) antibody diluted 1:500 (kindly provided by Joseph Prohaska, University of Minnesota at Duluth). Bovine CTR1 contains the identical peptide sequence in the same region as mouse and human (Nose et al., 2006) . The anti-CCS antibody has been used in a previous report from our laboratory and reacts with high specifi city in bovine tissues . At the completion of the primary antibody incubation, membranes were washed and then incubated with a secondary antibody at 1:10,000. Band densities were detected using Image Quant TL software (Amersham Biosciences, Piscataway, NJ). Experimental pool samples were run in duplicate on each gel, 1 at each end of the gel. Band densities of experimental replicates were averaged and expressed as a ratio to the mean density of the experimental pool samples within the sample gels.
Statistical Analysis
Data were analyzed using the mixed procedure (SAS Inst. Inc., Cary, NC), and animal was the experimental unit. Plasma minerals, holo-Cp, and maternal liver minerals were analyzed as repeated measures and model included the fi xed effects Cu and breed, and cow within treatment was considered a random effect. Duodenal mineral, placentome mineral, fetal liver mineral, maternal protein and gene data were analyzed using ANOVA. For maternal data the model included the fi xed effects Cu and breed, and the Cu × breed interaction. The model for fetal liver data included the fi xed effects of Cu, breed, fetal gender, and Cu × breed. Interactions were removed from the model if P > 0.15. Data are expressed as least square means ± SEM. Signifi cance was declared at P ≤ 0.05, and tendencies are discussed at P ≤ 0.10.
RESULTS

Maternal Plasma Measurements
Repeated measures analysis of plasma Cu revealed it was affected by Cu (P = 0.01), breed (P = 0.003), and a Cu × breed interaction (P = 0.01; Table 4 ). Overall plasma Cu was less (P = 0.004) in -CuS vs. -CuA, but did not differ among +CuS vs. +CuA cows. Plasma Cu was also affected by day (P = 0.002) and tended (P = 0.10) to be affected by a Cu × day interaction. On d 28 plasma Cu was less (P = 0.04) in -Cu cows than in (Table 4) . Plasma holo-Cp tended (P = 0.06) to be affected by Cu and breed and was affected (P = 0.05) by a Cu × breed interaction (Table 4) . HoloCp was less (P = 0.01) in -CuS vs. -CuA, but did not differ (P = 0.95) among breeds fed +Cu diets. Plasma holo-Cp was affected by d (P < 0.001; data not shown) but not by a day × treatment or day × breed interaction. Overall plasma Fe tended (P = 0.06) to be less in -Cu vs. +Cu cows (1.9 ± 0.09 vs. 2.2 ± 0.10 mg/L), but was not affected by breed, Cu × breed, or day × breed. Plasma Zn was not affected by Cu, breed, day, or day × breed, but tended (P = 0.08) to be affected by a Cu × breed interaction. Plasma Zn was greater (P = 0.03) in -CuS vs. -CuA (1.19 ± 0.03 vs. 1.07 ± 0.03 mg/L), but was similar (P = 0.82) among +CuS and +CuA (1.09 ± 0.03 vs. 1.10 ± 0.04 mg/L).
Maternal Tissue Mineral Concentrations
Liver Cu concentrations were less (P = 0.005) in -CuS vs. -CuA, but did not differ (P = 0.90) among +CuS vs. +CuA treatment groups (Cu × breed; P = 0.04; Table 4 ). Liver Cu concentrations were also affected by d (P = 0.006) and a Cu × day interaction (P = 0.002). On d 56 (P = 0.001) and 112 (P < 0.001) liver Cu concentrations were less in -Cu cows than in +Cu cows. Overall liver Fe concentrations were not affected by Cu, breed, or Cu × breed (Table 5) . Overall liver Zn concentrations were also not affected by Cu or a Cu × breed interaction (Table 5 ), but tended (P = 0.06) to be less in Simmental compared with Angus cows (Table 5) .
At harvest, duodenal Cu concentrations were less (P = 0.01) in -Cu cows compared with those fed +Cu diets (Table 5 ). Duodenal Cu concentrations were not affected by breed or a Cu × breed interaction. Duodenal Zn concentrations tended (P = 0.09) to be less in -Cu cows compared with +Cu cows, but were not affected by breed or a Cu × breed interaction. Concentrations of Fe in the duodenum were not affected by Cu, breed, or Cu × breed (Table 5 ).
Placentome and Fetal Liver Mineral Concentrations
Placentome Cu concentrations were not affected by fetal gender or Cu × maternal breed. However, placentome Cu concentrations were less (P = 0.003) in -Cu cows compared with +Cu cows, and were also less (P = 0.03) in Simmentals than in Angus (Table 6 ). Concentrations of Zn and Fe in the placentome were not affected by Cu, breed (Table 6 ), Cu × maternal breed, or fetal gender (data not shown). Fetal liver Cu concentrations were affected by Cu (P = 0.002), maternal breed (P = 0.05; Table 6 ), and tended (P = 0.07) to be affected by a Cu × maternal breed interaction. Copper concentrations in liver of +CuS×A fetuses were less (P = 0.02) than that of +CuA fetuses (508 ± 66 vs. 831 ± 90 mg Cu/kg DM), Means in a row not sharing a common superscript differ (P < 0.01).
1 +CuA, Cu-adequate Angus (n = 3); +CuS, Cu-adequate Simmental (n = 4); −CuA, Cu-defi cient Angus (n = 4); −CuS, Cu-defi cient Simmental (n = 4).
2 Values are means across sampling days and are expressed as milligrams per 100 mL.
3 Values are means across sampling days and are expressed as milligrams per liter.
4 Cu × day (P = 0.10).
5 Day (P = 0.002). 6 Values are means across sampling days and are expressed as milligrams per kilogram of DM.
7 Cu × day (P = 0.002).
8 Day (P = 0.006). 2 +Cu = Cu-adequate (n = 7); −Cu = Cu-defi cient (n = 8).
3 Angus (n = 7); Simmental (n = 8). 4 Values expressed as milligram per kilogram of DM.
but did not differ (P = 0.84) among -CuS×A and -CuA fetuses (317 ± 66 vs. 296 ± 81 mg Cu/kg DM), which is the opposite of what occurred in their dams. Fetal liver Cu concentrations were greater (P = 0.03) in male than in female fetuses (605 ± 58 vs. 371 ± 58 mg Cu/kg DM). Fetal liver Zn concentrations were not affected by breed, gender (data not shown) or a Cu × maternal breed interaction, but tended (P = 0.08) to be less in -Cu fetuses than in +Cu fetuses. Iron concentrations in fetal liver were not affected by Cu, maternal breed, gender (data not shown), or a Cu × maternal breed interaction.
Maternal Tissue Gene and Protein Expression
In the duodenum, dietary Cu did not affect mRNA expression of Cu transporters (Ctr1, Atp7a, Atp7b) and chaperones (Atox1, Cox17), nor did Cu affect metallothionein 1a (Mt1a) and superoxide dismutase 1 (Sod1) mRNA (Table 7) . Breed did not affect mRNA expression of Atp7b, Cu chaperones, Mt1a, or Sod1. However, duodenal Ctr1 mRNA was less (P = 0.04) and Atp7a mRNA tended (P = 0.08) to be less in Simmentals than in Angus. Furthermore, duodenal CTR1 protein tended (P = 0.10) to be less in Simmentals than in Angus, but was not affected by Cu or Cu × breed (Fig. 1) . Abundance of duodenal CCS protein was not affected by Cu, breed, or Cu × breed (data not shown). In the liver, mRNA expression of Cu regulatory proteins was not affected by Cu, breed, or Cu × breed (Table 7) , nor was CTR1 or CCS protein (data not shown). +Cu = Cu-adequate (n = 7); −Cu = Cu-defi cient (n = 8).
2 Angus (n = 7); Simm = Simmental (n = 8).
3 Values expressed as milligrams per kilogram DM. 4 Cu × breed (P > 0.15).
5 Gender (P = 0.03). Table 3. 2 +Cu = Cu-adequate (n = 7); −Cu = Cu-defi cient (n = 8).
3 Angus (n = 7); Simm = Simmental (n = 8). 4 Values are relative expression of target genes normalized to the housekeeping gene, TATA box binding protein, Tbp.
5 Cu × breed (P > 0.15). 6 Values are relative expression of target genes normalized to the housekeeping gene, ribosomal protein subunit 9, Rps9. 2 Cu × breed (P > 0.15).
3 Defi nitions and functions of genes in Table 3 .
4 + Cu = Cu-adequate (n = 7); −Cu = Cu-defi cient (n = 8).
5 Angus (n = 7); Simm = Simmental (n = 8).
6 Gender (P = 0.03).
Fetal Liver Gene and Protein Expression
Maternal breed did not affect mRNA expression of fetal liver Cu transporters and chaperones, Mt1a, Sod1, and Cp (Table 8) . Dietary Cu did not affect transcript abundance of Ctr1, Atp7a, Atp7b, Cp, or Mt1a. However, relative expression of fetal liver Atox1 inCu fetuses was up-regulated 3.8-fold (P = 0.05) compared with that of +Cu fetuses. Abundance of Cox17 was up-regulated 1.3-fold (P = 0.04) in -Cu fetuses compared with the +Cu fetuses. Relative expression of copper metabolism MURR1 domain 1 (Commd1) was up-regulated twofold (P = 0.001) in -Cu fetuses compared with +Cu fetuses. There was a tendency for Sod1 to be up-regulated (P = 0.10) in -Cu fetuses compared with +Cu fetuses. Abundance of fetal liver Ctr1 mRNA (1.3 ± 0.10 vs. 0.9 ± 0.11) was greater (P = 0.03), but CTR1 protein (P = 0.08) tended to be greater in males than in females (Fig. 2) . Transcript abundance of Mt1a were fi vefold greater (P = 0.03) in males than in females (2.4 ± 0.49 vs. 0.48 ± 0.52).
Expression of CTR1 and CCS protein was not affected by diet or breed in fetal liver (data not shown).
DISCUSSION
Recently within our laboratory, we examined impacts of long-term exposure to Cu-defi cient diets, in which cattle were exposed to diets in utero and for 493 d of life . Results of the study indicated that Cu defi ciency reduced growth in these cattle and also reduced mRNA expression of hepatic Cu regulatory proteins such as Sod1 , Cox17, and Atp7b ). Cattle in the study conducted by Hansen et al. (2009) were severely Cudefi cient as indicated by plasma and liver Cu concentrations and increased CCS protein expression in the duodenum. Expression of CCS in the liver and erythrocytes was also greater in these Cu-defi cient cattle (Hepburn et al., 2009 ). Examination of CCS protein has been deemed a useful experimental biomarker to examine Cu defi ciency as data from rodents has shown that CCS Figure 1 . Effect of dietary Cu and breed on expression of duodenal copper transporter 1 (CTR1) protein in pregnant Angus and Simmental cows. +Cu = Cu-adequate (n = 7); −Cu = Cu-defi cient (n = 8); A = Angus (n = 7); Simm = Simmental (n = 8). CTR1; Cu (P = 0.21), Breed (P = 0.10).
protein increases during Cu defi ciency (Bertinato et al., 2003; Gybina and Prohaska, 2006) . Expression of CCS protein in cows in the present study was not affected by Cu or breed and this likely occurred as a result of cows not being Cu-defi cient based on traditional measures of liver Cu (≤20 mg Cu/kg DM; Underwood and Suttle, 1999) and plasma Cu (≤0.5 mg/L; Underwood and Suttle, 1999) . Only -CuS dams had liver Cu and plasma Cu that approached concentrations indicative of Cu defi ciency by d 112 in the present study. The fact that cows were not Cu-defi cient likely explains why gene products involved in Cu homeostasis were not affected by dietary Cu in maternal duodenum and liver.
Previous studies (Ward et al., 1995; Mullis et al., 2003) indicated that Simmental cattle had Cu indices less than that of Angus when fed Cu-defi cient diets. Earlier research also demonstrated that biliary Cu excretion was twofold greater in Simmental than in Angus (Gooneratne et al., 1994) . In the present study breed did not affect CTR1 protein or mRNA expression of other Cu regulatory proteins examined in the liver. However, breed affected mRNA expression of duodenal Ctr1 and Atp7a, 2 key Cu transporters that are essential for Cu uptake and export as illustrated in mice and humans. Nose et al. (2006) demonstrated that mice with cell specifi c knock-out Ctr1 in the intestinal epithelium exhibit reduced Cu accumulation in peripheral tissue and characteristic signs of Cu defi ciency including reduced survivability. When Cu was injected to bypass intestinal absorption, Cu status and survivability were rescued, thus further demonstrating the critical role of Ctr1 in intestinal Cu absorption. The Cu-dependent ATPase, Atp7a, is mutated in humans with Menkes' disease and these subjects are severely Cu defi cient. In fact, this disease is often times fatal as Cu export to peripheral tissues, such as the liver, is markedly hindered (Cox and Moore, 2002) . In the present study, less Ctr1 mRNA and numerically less CTR1 protein in the duodenum of Simmentals suggest that Simmental cattle have a lesser ability to absorb Cu. The tendency for decreased duodenal Atp7a mRNA in Simmentals suggests that export from the intestinal epithelium may also be reduced. Our data does not by any means suggest that Ctr1 or Atp7a are mutated in Simmentals, but that the basal level of expression of these Cu transporters are lower. These data agree with previous fi ndings by Ward et al. (1995) , who reported that apparent Cu absorption was less in Simmentals than in Angus. Our data suggest that when dietary Cu is adequate (≥10 mg Cu/kg DM), less expression of the aforementioned duodenal Cu transporters in Simmentals is suffi cient to maintain proper Cu homeostasis as liver Cu and plasma Cu were equal among breeds. However, when Simmentals receive diets low in available Cu decreased expression of Cu transporters may adversely affect Cu homeostasis resulting in less liver Cu and plasma Cu concentrations than Angus. This may explain why Simmental cattle are more susceptible to Cu defi ciency and why these cattle are less tolerant to Cu antagonist, such as Mo, as demonstrated by Gengelbach et al. (1994) .
Breed and dietary Cu affected Cu concentrations in placentome and fetal liver. Less Cu concentrations in placentome and liver of Simmental × Angus fetuses suggest that less expression of duodenal Cu transporters in dams is also affecting the amount of Cu being delivered to the fetus. Effects of Cu on placentome and fetal liver Cu are in agreement with data from rats indicating that both placenta Cu and fetal liver Cu concentrations were decreased in -Cu dams than in those fed +Cu diets (Wapnir et al., 1996) .The developing fetus has a great demand for Cu, particularly during the last trimester, as Cu is essential for proper fetal growth and development (Gooneratne and Christensen, 1989) . Furthermore, the bovine neonate depends heavily on liver Cu stores for postnatal utilization because of delayed synthesis of ceruloplasmin (Cp; Chang et al., 1975) and the fact that cow milk does not contain a signifi cant amount of Cu (Underwood and Suttle, 1999) . Previous data have indicated that fetal liver Cu concentrations at birth should be at least 300 mg Cu/kg DM to prevent Cu defi ciency within the early months of life (Gooneratne and Christensen, 1989) . Liver Cu concentrations were reduced to 307 mg Cu/kg DM in -Cu fetuses.
Expression of Commd1 mRNA was up-regulated in liver of -Cu fetuses compared with +Cu fetuses. In Bedlington terrier dogs, Commd1 is mutated and consequently biliary Cu excretion is hindered, resulting in accumulation of toxic liver Cu concentrations (Klomp et al., 2003) . Biliary Cu excretion in the fetus is quite rudimentary (Schaefer et al., 1999) , thus it seems as though COMMD1 might have a different role in fetal liver. Copper metabolism MURR1 domain 1 is ubiquitously expressed in mammalian tissues (de Bie et al., 2006) , and was recently characterized in human placenta (Donadio et al., 2007) . Donadio et al. (2007) suggested that COMMD1 is involved in regulating Cu transfer into fetomaternal circulation. Additionally, deletion of Commd1 in mice results in embryonic death (van de Sluis et al., 2007) . If COMMD1 in fetal liver has a similar role to the putative role described in human placental tissue, then our data suggest that Commd1 mRNA up-regulated in response to an increased demand for Cu transport from the dam to the fetus. Previous research in cattle has indicated that the fetus has the ability to accrue Cu from its dam even though the dam may be Cu defi cient (Gooneratne and Christensen, 1989) . This may explain why fetal liver Cu concentrations were similar among -CuS and -CuA fetuses, but not in +CuS and +CuA, which was in contrast to maternal Cu indices.
Numerous studies in the mature bovine have demonstrated that Cu defi ciency decreases the activity of the Cu-dependent enzyme cytochrome c oxidase (CCO) in bovine hepatocytes and enterocytes (Mills et al., 1963; Fell et al., 1975; Mills et al., 1976) . Although activity of CCO was not measured in the present study, up-regulation of Cox17 mRNA in -Cu fetuses may have occurred to assure adequate Cu delivery to CCO. Growth of the fetus is most pronounced during the last trimester which supports the aforementioned theory for up-regulated Cox17 mRNA in -Cu fetuses.
Relative expression of Atox1 was up-regulated 3.8-fold in liver of -Cu fetuses compared with their +Cu counterparts. Antioxidant 1 is a vital component to the secretory pathway of Cu metabolism (Walker et al., 2002; Hamza et al., 2003) . Hamza et al. (2001) demonstrated that Atox1 is essential in perinatal Cu homeostasis, in that Atox1 deleted mice exhibited signs of severe Cu defi ciency. Marked reductions in liver Cu, brain Cu, and brain CCO were also observed in Atox1 -/-mice (Hamza et al., 2001) . Copper is required for a plethora of physiological processes including angiogenesis (Harris, 2004) . Therefore, up-regulation of Atox1 mRNA may have occurred to increase Cu effl ux for fetal organ growth and development and synthesis of cuproenzymes (Walker et al., 2002; Hamza et al., 2003) .
Fetal liver Cu concentrations were greater in males than in females, and this is in agreement with data reported in adult cattle (Miranda et al., 2006) and in adult rodents (Haywood, 1979) . However, Gooneratne and Christensen (1989) reported that female bovine fetuses had greater liver Cu concentrations than males. These authors attributed the gender difference to greater liver Cu concentrations in dams of females than those that conceived males, suggesting a systemic effect by the dam. Gender differences in fetal liver Cu concentrations in our study occurred independent of maternal liver Cu. Gender differences in liver Cu in our study likely occurred as a result of greater Ctr1 and CTR1 expression in males than in females. Previous data in rodents with Ctr1 deleted in the liver have shown that CTR1 is the primary route for hepatic Cu uptake (Kim et al., 2009) . Greater Cu uptake via CTR1 in males likely explains the fi vefold increase in Mt1a mRNA in males compared with females. Metallothionein serves as a vital Cu storage protein in the liver and provides cellular protection from free Cu ions. This Cu storage protein is abundant in the neonate due to large concentrations of Cu that accumulate in the liver during gestation (Cousins, 1985) . To our knowledge this is the fi rst demonstration that gender affects Ctr1, CTR1, and Mt1a, and defi nitive explanations for changes are unknown.
In conclusion, feeding a Cu-defi cient (6.6 mg Cu/kg DM) diet did not affect mRNA or protein abundance of Cu regulatory proteins in maternal duodenum or liver. However, mRNA expression of Ctr1 and Atp7a were less in the duodenum of Simmentals than in Angus. Decreased expression of Ctr1, and slightly less CTR1 and Atp7a, may explain why Cu indices were decreased in Simmentals compared with Angus when fed -Cu diets. Although placentome Cu and fetal liver Cu concentrations were affected by maternal breed, molecular mechanisms involved in Cu homeostasis were not affected by maternal breed in fetal liver. Copper deficiency reduced Cu concentrations in placentome and fetal liver and increased mRNA expression of Commd1, Cox17, and Atox1. Up-regulation of Commd1 suggests it may have a putative role in fetomaternal circulation. Increased expression of Cox17 and Atox1 suggests an increased Cu demand for synthesis of vital cuproenzymes such as CCO. Furthermore, Cu effects in the fetal liver suggest that the fetus is impacted to a greater extent by Cu defi ciency than its dam.
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